A Pulse of the Drosophila Hox Protein Abdominal-A Schedules the End of Neural Proliferation via Neuroblast Apoptosis  by Bello, Bruno C. et al.
Neuron, Vol. 37, 209–219, January 23, 2003, Copyright 2003 by Cell Press
A Pulse of the Drosophila Hox Protein
Abdominal-A Schedules the End of Neural
Proliferation via Neuroblast Apoptosis
et al., 2000; Kuan et al., 2000; Pompeiano et al., 2000).
This role for apoptosis in eliminating progenitors is dis-
tinct from its well described function in editing out post-
mitotic neurons (reviewed in Raff et al., 1993). At present,
little is known about how developmental signals might
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The neuroblasts of Drosophila provide a genetically
tractable model system for studying the cessation of
neural proliferation at the level of individual identifiedSummary
precursors. In general, neuroblasts divide asymmetri-
cally by a budding process that generates smaller gan-Postembryonic neuroblasts are stem cell-like precur-
glion mother cells (GMCs), each dividing once to pro-sors that generate most neurons of the adult Drosoph-
duce two postmitotic neurons. An embryonic period ofila central nervous system (CNS). Their capacity to
neuroblast divisions produces neurons that will form thedivide is modulated along the anterior-posterior body
functional CNS of the larva. Following this, there is aaxis, but the mechanism underlying this is unclear.
larval and pupal phase of neurogenesis that accountsWe use clonal analysis of identified precursors in the
for over 90% of the neurons present in the adult CNSabdomen to show that neuron production stops be-
(White and Kankel, 1978; Truman and Bate, 1988; Tru-cause the cell death program is activated in the neuro-
man et al., 1993). The precursors responsible for this,blast while it is still engaged in the cell cycle. A burst
called postembryonic neuroblasts (pNBs), share a lin-of expression of the Hox protein Abdominal-A (AbdA)
eage with their embryonic counterparts and most proba-specifies the time at which apoptosis occurs, thereby
bly are the same cells (Prokop and Technau, 1991; Tru-determining the final number of progeny that each
man et al., 1993). Although each hemisegment of theneuroblast generates. These studies identify a mecha-
early embryo contains an invariant number of 30 neuro-nism linking the Hox axial patterning system to neural
blasts (Campos-Ortega and Hartenstein, 1997), in theproliferation, and this involves temporal regulation of
larva this is no longer the case. For example, in theprecursor cell death rather than the cell cycle.
thorax, each larval hemisegment retains about 23 of
the initial 30 neuroblasts, while in the central abdomen
Introduction only three remain (Truman and Bate, 1988). The dramatic
reduction in the number of abdominal neuroblasts oc-
Mammalian neural stem cells have the potential to pro- curs late in embryogenesis and depends on cell death
duce many more progeny when cultured in vitro than mediated by the proapoptotic gene reaper (Abrams et
they would normally make in vivo. This raises the funda- al., 1993; White et al., 1994; Peterson et al., 2002). As a
mental question of what mechanisms specify an upper consequence, the surviving abdominal precursors that
limit on the final number of neurons generated during will contribute progeny to the adult CNS are well sepa-
CNS development. Region-specific inputs are likely to rated and can be readily identified as either the ventro-
be important, as it is known that neural stem and progen- medial (vm), ventrolateral (vl), or dorsolateral (dl) pNB
itor cells developing in different locations are not all (Truman and Bate, 1988).
equivalent with respect to the numbers and also the Segmental differences exist in the developing adult
types of daughter cells that they give rise to (reviewed CNS, not only in the number of pNBs but also in their
in Temple, 2001; Sommer and Rao, 2002). In particular, time windows of proliferation. Using bromodeoxyuridine
the developmental stage at which progenitors cease (BrdU) to label dividing pNBs, a correlation has been
dividing provides an important regional control point identified between the anteroposterior position of a
affecting proliferative capacity. Two possible effector pNB, the duration of its proliferation, and the number
mechanisms for stopping a dividing neural progenitor of progeny it generates (Truman and Bate, 1988). In the
have been described. The best characterized of these is thorax, the average pNB divides for approximately 4
cell cycle arrest via exit from G1 into a G0-like quiescent days, producing an estimated 100 cells, while in the
state, promoted by cyclin-dependent kinase inhibitors central abdomen, precursors divide for only about 22
of the Cip/Kip and Ink4 families (reviewed in Edlund and hr to 40 hr, generating small lineages of 4 to 12 cells.
Jessell, 1999; Durand and Raff, 2000). More recently, Importantly, the reduced proliferative period of the ab-
domen relative to the thorax arises as a consequencea second pathway has been implicated that involves
of two factors. First, abdominal pNBs display a longerprogrammed cell death of neural progenitors, stimulated
mitotically inactive or quiescent phase prior to the onsetby caspase proteases and their activators (Honarpour
of postembryonic neurogenesis, and second, they cease
dividing much earlier than their thoracic counterparts.*Correspondence: agould@nimr.mrc.ac.uk
In this study, mosaic analysis with a repressible cell2 Present address: Institute of Zoology, Biocenter/Pharmacenter,
marker (MARCM; Lee and Luo, 1999, 2001) is used toUniversity of Basel, Klingelbergstrasse 50, CH-4056 Basel, Swit-
zerland. explore the nature of the stop mechanism limiting how
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many times a neuroblast divides. We focus on the three cially located, close to the pNB. These progeny cells
are immature neurons, as they express the postmitoticidentified pNBs of the larval abdomen and trace their
development, from reentry into the cell cycle through neuronal marker gene elav but do not yet have the com-
plex cell processes typical of fully differentiated neuronsto cessation of proliferation. We provide evidence that
activation of the cell death program in the neuroblast (data not shown and Truman et al., 1993). We find that
individual clone sizes range from 35 to 94, with a meanwhile it is still actively dividing is the critical event limiting
how many neurons it produces. The cue for apoptosis of 58 neurons (Figure 1G). Thus, on average a thoracic
pNB produces about 60 neurons during larval life, whichis provided by a neuroblast-specific pulse of the Hox/
Homeotic protein Abdominal-A (AbdA) during the last is consistent with the previous estimate of 100 covering
both larval and early pupal development (Truman andlarval instar. Thus, AbdA acts cell-autonomously to limit
the number of progeny produced by a single neural Bate, 1988). We also note that the range of clone sizes is
large (sd 12) and could be due either to developmentalprecursor via controlling the developmental timing of
neuroblast apoptosis. As we show that Hox proteins variability or to stereotyped differences between individ-
ual thoracic pNB identities. Clearly, resolving this issueother than AbdA also have the intrinsic ability to trigger
neuroblast-specific death, this strategy for regulating will not be possible until molecular markers, similar to
those used for identifying individual embryonic NBsneuronal number may also be used in other regions of
the CNS. Together, these findings provide a mechanism (Doe, 1992; Broadus et al., 1995), also become available
for the pNBs.linking a major class of genes that encode positional
information to the final clone size of a neural stem cell. In the central abdomen, neuronal MARCM clones ex-
pressing elav-GAL4 were also recovered but only at a
low frequency. However, the wide separation and ste-Results
reotyped positions of the abdominal pNB lineages allow
the measurement of individual clone sizes by the alterna-Wild-Type Clone Sizes for Thoracic
tive method of continuous BrdU labeling from 0 hr toand Abdominal pNBs
96 hr. Counts of the number of cells per lineage at 96 hrWe set out to identify individual pNBs in the thorax and
(Figures 1E, 1F, and 1H) in the central abdomen (A3–A7)abdomen (Figure 1A) and to measure accurately their
indicate that the vm or vl pNBs give rise to an averageproliferative capacity from hatching of the first larval
of four neurons (m  3.6, sd  1.2). For dl, we find thatinstar (L1), defined as 0 hr, through to the end of larval
clone size is consistently larger, with a mean of ninedevelopment, at wandering third instar (L3) stage, de-
neurons (m  9.1, sd  1.5), which is slightly less thanfined as 96 hr. Morphologically, pNBs can be distin-
the average of 12 reported previously (Truman and Bate,guished from postmitotic progeny by their superficial
1988). In general agreement with Truman and Bate, welocation and large diameter. As shown in Figure 1B, they
conclude that the abdominal pNB lineages are dramati-also express the transcription factor Grainyhead (Grh;
cally smaller than their thoracic counterparts and thatBray et al., 1989) and, during M phase, phosphorylated
dl produces more than twice the number of progeny asHistone H3 (H3p).
vm and vl (Figure 1H). In addition, cell counts of a largeAlthough the number and arrangement of thoracic
number of abdominal lineages (n  104) revealed thatpNBs has been previously described (Truman and Bate,
each of the three lineages shows some variability. Thus1988), it has been difficult to measure accurately the
the underlying cell counting mechanism is not accuratenumber of progeny that each precursor generates (here
to within a single cell.termed clone size). One reason is that, in the thorax, the
high density of neuroblasts precludes assignment of
progeny to individual precursors. To circumvent this The Final Fate of Abdominal Postembryonic
Neuroblasts Is Programmed Cell Deathproblem, we used the MARCM clonal analysis technique
(Lee and Luo, 1999, 2001), with a nlsLacZ nuclear re- In contrast to the vast majority of thoracic clones (59/62),
we observed that abdominal BrdU-labeled lineagesporter or a CD8::GFP membrane marker to positively
label individual pNB lineages throughout larval life (Fig- never contain a large pNB-like nucleus at 96 hr. Further-
more, consistent with previous findings that abdominalures 1C and 1D). Briefly, a heat shock is used to induce
FLP-mediated mitotic recombination. This results in loss lineages no longer incorporate BrdU at 96 hr (Truman
and Bate, 1988), we find that they also do not label withof a GAL80 transgene from one daughter cell, visualized
by the derepression of nlsLacZ or CD8::GFP expression H3p. This prompted us to look earlier during L3, when
abdominal pNBs are known to be mitotically active. Us-driven by the GAL4/UAS system (Brand and Perrimon,
1993). The MARCM technique can be adapted to gener- ing double labeling with grh-lacZ and BrdU, we find that
immediately following the L2/L3 molt at 48 hr, all threeate marked clones of cells that are wild-type, homozy-
gous mutant, or misexpressing a gene of interest. Ini- abdominal pNBs are clearly visible and have entered S
phase but not yet divided (Figure 2A). As vm, vl, and dltially, we induced wild-type pNB clones at 0 hr and
examined them at 96 hr. Randomly located but well- are identifiable at 48 hr but not at 96 hr, we next exam-
ined BrdU accumulation patterns at the intermediateseparated lineages were labeled in the thorax at high
frequency, each clone containing a single large pNB time point of 72 hr. At this stage, vm, vl, and dl have
divided several times, producing clone sizes approachingthat is superficially located. This precursor cell is always
associated with a discrete packet of smaller cells, orga- those found at 96 hr (Figure 2B, compare with Figure
1F). Two classes of abdominal lineage are visible at 72nized into a column that roughly reflects their birth order
(Figure 1C). Early born progeny tend to be located deep, hr, those that contain a large pNB and those that do not
(Figure 2B). As both classes can be observed withinclose to the neuropil, while late born cells remain superfi-
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Figure 1. Characterization of Wild-Type Postembryonic Lineages at the End of L3
(A) Schematic representation of the distribution of pNBs in the thorax and abdomen of the postembryonic CNS. The three pNBs in the central
abdomen (segments A3–A7) are indicated: ventromedial (vm), ventrolateral (vl), and dorsolateral (dl). Anterior is to the top.
(B) Molecular markers for the pNB. A characteristically large thoracic pNB nucleus in M phase stains with DAPI and expresses Grainyhead
(Grh) and the phosphorylated form of Histone H3 (H3p).
(C and D) Wild-type thoracic MARCM clones induced at larval hatching and analyzed at 96–100 hr are positively marked with nuclear
-galactosidase (nlacZ, [C]) and/or membrane-tethered CD8::GFP (mGFP, [D]). The pNB (dotted circle) remains associated with its postembry-
onic progeny. (C) Shows an entire pNB clone of 64 nuclei arranged in a tight packet (scale bar, 5 m), while (D) shows only part of the clone
(scale bar, 1 m). Genotype: elav-GAL4 hsFLP/; tubP-GAL4/UAS-nlacZ UAS-CD8::GFP; FRT82B/FRT82B tubP-GAL80.
(E and F) Examples of a vm (E) and a dl (F) lineage in the central abdomen at 96–100 hr, containing 4 and 11 cells, respectively, labeled by
BrdU incorporation throughout larval life. Note the absence of a large pNB nucleus in both lineages.
(G and H) Thoracic pNBs generate many more cells than abdominal pNBs. In the thorax (G), lineages were labeled by MARCM and randomly
selected for counting within the anterior and posterior thorax, as these both produce similar clone sizes (see Figure 3B). A pNB was clearly
visible at 96–100 hr in 59/62 clones. In the central abdomen (H), lineages were labeled with BrdU (n  104 lineages from 25 specimens). No
significant size difference was found between vm and vl lineages.
one individual, this reflects intrinsic lineage-to-lineage TUNEL labeling of non-pNB cells within each abdominal
lineage, indicating that apoptosis is confined to the neu-variability rather than the technical limitations of staging
larvae accurately. Likewise, using anti-Grh rather than roblast and does not affect its progeny. Hence, following
embryonic neurogenesis and entry into a larval quies-BrdU labeling, abdominal pNBs are observed in every
central abdominal segment at 48 hr, are missing from cent period, vm, vl, and dl resume divisions after the
L2/3 molt for a period of about 24 hr, at which time theysome segments by 72 hr, and are completely absent by
96 hr (Figures 2C–2E). Together, these results indicate undergo programmed cell death.
that all three types of abdominal pNB exit from their
larval quiescent state at the start of L3 and divide asym- Apoptosis, Not Cell Cycle Exit, Is Limiting
for the Number of pNB Divisionsmetrically for approximately 24 hr until mid-L3, when
they cease to be identifiable by BrdU or Grh. Next, we addressed the issue of whether programmed
cell death plays a direct role in stopping neuroblastThe above results raise the question of what is the
fate of an abdominal pNB when it has stopped dividing: divisions or whether apoptosis occurs some time after
a prior decision to exit the cell cycle. Consistent withdoes it reenter a quiescent period, terminally differenti-
ate, necrose, or apoptose? To test the latter possibility, the former possibility, we find a close temporal link be-
tween cell division and apoptosis, as, within the sameanti-Grh/TUNEL labelings were performed at various lar-
val stages. No TUNEL labeling is observed at the loca- 72 hr individual, a mix of abdominal NBs that either
express Grh, TUNEL, or H3p is seen (above and datation of the vm, vl, or dl lineages at 48 hr or 96 hr, but at
72hr, TUNEL-positive cells occupying the positions of not shown). To test whether, in the absence of cell death,
the pNB would continue proliferating unchecked, wemissing Grh-positive pNBs were frequently observed
(Figures 2C–2E). Wherever cell death occurs, one large generated MARCM clones homozygous for H99, a defi-
ciency removing the three proapoptotic genes grim,Grh-positive nucleus, corresponding to the pNB, is re-
placed by one large TUNEL-labeled nucleus. Impor- head involution defective (hid), and reaper (rpr) (White
et al., 1994). Analysis of neuroblast-specific clonestantly, at this stage we find no evidence for consistent
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Figure 3. Abdominal pNBs Mutant for Proapoptotic Genes or abdA
Proliferate Unchecked during Larval Development
(A) Schematic representation of Hox expression domains in the post-
embryonic CNS. Positions of the anterior thorax (AT), posterior tho-
rax (PT), and central abdomen (CA) are indicated. The majority of
nuclei within the AT, PT, and CA domains express high levels of Antp,
Ubx, or AbdA, respectively. As vm, vl, and dl cannot be unequivocally
identified between CA and PT, clones within this zone were not
analyzed.Figure 2. Timing of Abdominal pNB Proliferation and Apoptosis dur-
(B) pNB clone size within AT, PT, and CA. Histogram bars showing L3
mean cell numbers (error bars, 1 sd), and the number of clones
(A and B) Proliferation of vm and dl assessed by continuous larval counted within AT, PT, and CA for the different genotypes is, respec-
BrdU incorporation from larval hatching onward. (A) vm is shown in tively, 26, 36, 99 (wild-type, same data as in Figure 1); 26, 44, 73
three hemisegments just after the L2/L3 molt (46–52 hr). vm is shown (H99); 6, 8, 37 (abdA); 9, 8, 27 (Ubx abdA). MARCM clones lacking
colabeled with grh-lacZ and anti-BrdU, indicating that it has under- either H99 or abdA overproliferate within CA but not AT or PT. No
gone its first S phase but not yet divided. (B) The dl lineage is shown significant differences in mutant clone size were observed between
in two adjacent hemisegments in mid-L3 (66–78 hr). Both clones vm, vl, and dl. Note that Ubx abdA mutant clones in PT are wild-
have reached their final size (8 to 11 cells), but only one still retains type in size, indicating that Ubx is not required to regulate larval
a visible pNB (dotted). pNB proliferation within this region.
(C–E) Ventral views of vm in three abdominal segments triple labeled (C and D) Late-L3 (96–100 hr) MARCM clones within CA that are
with DAPI, anti-Grh, and TUNEL at three different stages. (C) Early- mutant for H99 (C) or abdA (D) retain a large pNB that labels with
L3 (48–54 hr). Bilaterally symmetrical rows of Grh-positive vm nuclei H3p (dotted). Note that only the superficial region of each mutant
are visible. (D) Mid-L3 (66–78 hr), showing that 3/6 of the vm nuclei clone is shown. For both mutants, the abnormally large clones
have lost expression of Grh and become TUNEL positive, indicating shown in (B) result from the prolongation of pNB divisions from mid-
that they are undergoing apoptosis. An apoptotic vl is also indicated to late-L3. Genotypes: elav-GAL4 hsFLP/; tubP-GAL4/UAS-nlacZ
(arrowhead). (E) Late L3 (96–100 hr) showing no Grh or TUNEL- UAS-CD8::GFP; FRT82B/FRT82B tubP-GAL80 (wild-type); elav-
positive pNBs. Anterior is to the top in all panels. GAL4 hsFLP/; UAS-nlacZ UAS-CD8::GFP/; FRT2A Df(3L) H99/
FRT2A tubP-GAL80 (H99); elav-GAL4 hsFLP/; UAS-nlacZ UAS-
CD8::GFP/; FRT82B abdA/FRT82B tubP-GAL80 (abdA); elav-
GAL4 hsFLP/; UAS-nlacZ UAS-CD8::GFP/; FRT82B Ubx abdA/within the central abdomen (Figures 3A and 3B) revealed
FRT82B tubP-GAL80 (Ubx abdA).that removing the activity of grim, hid, and reaper
throughout larval life results in a dramatic expansion of
all three abdominal lineages from a combined mean of during normal larval development, proapoptotic genes
act to eliminate the neuroblast and are the limiting factor5.4 neurons (n 99, sd 2.9) to 34 neurons (n 73, sd
7) per clone. In sharp contrast to wild-type abdominal restricting the number of neurons it generates. In the
absence of H99 proapoptotic gene function, abdominallineages at 96 hr, the mutant clones still retain a single
pNB that frequently labels with H3p (Figure 3C). The pNBs remain mitotically active, producing many more
progeny than normal.maximum number of mitoses observed at any one time
per clone was two: representing divisions of the pNB
and one GMC. This is also the case for wild-type lineages A Larval Requirement for abdA
to Limit pNB Divisions(data not shown), strongly suggesting that the increase
in neuronal number in H99 clones results from additional In the larval thorax, precursor death does not operate,
as wild-type clones in this region retain a pNB that isdivisions of the pNB but not the GMCs or neurons. Thus,
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mitotically active at 96 hr (see Figure 1 and data not
shown), and H99 clones within the thorax are wild-type in
size (Figures 3A and 3B). As larval pNB death is abdomen
specific, we were prompted to investigate the role of the
Hox/homeotic gene family that encodes homeodomain
transcription factors controlling cell identities along the
anteroposterior axis (Lewis, 1978; Wakimoto and Kauf-
man, 1981; McGinnis and Krumlauf, 1992; Mann and
Morata, 2000). abdominal-A (abdA) and Ultrabithorax
(Ubx) have both been implicated in specifying abdominal
cell fates (Lewis, 1978; Bender et al., 1985; Sanchez-
Herrero et al., 1985); therefore, we examined clones defi-
cient for these genes in three selected regions (Figures
3A and 3B). We chose the central abdomen and the
posterior thorax, as these strongly express abdA or Ubx,
respectively. First, however, we examined clones within
the anterior thorax, which expresses a different Hox
gene, Antennapaedia, and therefore serves as a nega-
tive control. In this region, we observed no effect on
pNB clone size when the functions of abdA or both Ubx
and abdA were removed. Conversely, within the central
abdomen, pNBs lacking the larval activity of abdA did
produce abnormally large clones, resembling those defi-
cient for the H99 genes (average clone sizes of 31 and
34 neurons, respectively). In addition to clone size, ab-
dominal lineages lacking abdA function also mimick H99
clones in one other significant respect: the pNB survives
past 72 hr and can be frequently observed expressing Figure 4. AbdA Activates pNB-Specific Apoptosis in the Thorax
H3p at 96 hr (Figure 3D). As with wild-type and H99 (A) Thoracic clones expressing UAS-abdA are small and lack a pNB
at 96–100 hr. A complete clone of 11 cells coexpressing nLacZ andclones, no more than two H3p-positive cells per abdA
AbdA is shown (compare to wild-type control in Figure 1C). Clonesmutant clone are found at any one time, corresponding
lacked a pNB in 102/122 cases.to the pNB and one GMC. Due to the late larval onset of
(B) Thoracic H99 clones expressing UAS-abdA are normal size at
abdominal pNB divisions and the fact that homozygosity 96–100 hr. The superficial region of a clone coexpressing CD8::GFP
for the mutant allele only occurs after the first cell divi- and AbdA is shown. Note that the pNB (dotted) expresses AbdA
sion, abdA and H99 clones in the abdomen remain signif- yet remains “undead” (27/27 clones).
(C) Histogram of wild-type, H99, UAS-abdA, and H99 UAS-abdAicantly smaller than those in the thorax (Figure 3B). This
clone sizes in the thorax. Bars represent mean clone size (errorreflects a technical limitation of MARCM but conve-
bars, 1 sd). AbdA expression significantly reduces clone size, butniently uncouples genetic requirements during L3 from
removal of H99 gene activity completely suppresses this effect. For
those at earlier stages. We also note that removing the comparison, clone sizes for wild-type (n  62) and H99 mutant (n 
larval function of Ubx has no effect on pNB clone size 70) clones, combined from the AT and PT data shown in Figure 3B,
(Figure 3B and data not shown). Thus, Ubx is neither are also shown. For all genotypes, clone sizes for the AT and PT
did not significantly differ. Genotypes: elav-GAL4 hsFLP/; tubP-required for generating the large lineages typical of its
GAL4/UAS-nlacZ UAS-CD8::GFP; FRT82B UAS-abdA/FRT82Bdomain of high expression in the posterior thorax, nor
tubP-GAL80 (UAS-abdA: n122), elav-GAL4 hsFLP/; tubP-GAL4/for restricting pNB divisions in the abdomen. Together,
UAS-nlacZ UAS-CD8::GFP; FRT2A, Df(3L) H99 UAS-abdA/FRT2A
these results demonstrate that there is a lineage-auton- tubP-GAL80 (UAS-abdA H99: n  27).
omous requirement for abdA and the proapoptotic
genes grim, hid, and/or reaper to limit abdominal clone
size. This is mediated by the selective culling of the hr). Using MARCM to drive the expression of UAS-abdA
neuroblast in mid-L3. Furthermore, as abdA and proapo- in a clonal manner revealed that AbdA is sufficient to
ptotic gene function are temporally limiting for prolifera- reduce average thoracic clone size from 58 to 20 neu-
tion, it is likely that they both act while the pNB is dividing rons (Figures 4A and 4C). Importantly, for the majority
and not subsequent to some other instruction to with- of clones (102/122  84%), no identifiable neuroblast is
draw from the cell cycle. visible at 96 hr (Figure 4A). In addition, labeled cells
in these small clones are always located close to the
neuropil, and the CD8::GFP reporter reveals that theyAbdA Activates Neuroblast-Specific Apoptosis
Next, we tested whether ectopically expressing AbdA have a morphology typical of early-born neurons (data
not shown). Together, these observations are consistentin a dividing pNB would be sufficient to activate its
apoptosis, thereby preventing the further production of with death of the pNB at an early stage. Presumably,
due to perdurance of the GAL80 repressor after MARCMneurons. The thoracic pNBs were selected for this mis-
expression assay, as they do not normally undergo cell clone induction (Lee and Luo, 1999), UAS-abdA remains
downregulated for some time, and thus the early larvaldeath during the larval period. As divisions continue into
pupal life, experimentally induced arrest and/or elimina- divisions of the pNB can still occur. Interestingly, how-
ever, the neurons within a clone do express AbdA at 96tion can be conveniently scored at the late L3 stage (96
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hr, and we deduce, from cell cycle estimates, that they
must have sustained this for at least 1 day. As they
remain viable and wild-type in appearance, we conclude
that AbdA cannot induce apoptosis in postmitotic neu-
rons. This further confirms that abdA limits abdominal
clone size, by selectively activating apoptosis of the
neuroblast and not its progeny.
Utilizing the ectopic AbdA phenotype, a clonal epista-
sis test was performed to determine whether abdA func-
tions upstream, downstream, or in a parallel pathway
to grim/hid/reaper. We generated mutant clones simul-
taneously lacking H99 genes and ectopically expressing
AbdA. Although such thoracic clones express AbdA,
they continue to proliferate throughout larval life, adopt-
ing the large size typical of wild-type lineages in this
region. Moreover, all such H99 UAS-abdA clones retain
their pNB at the 96 hr time point (Figures 4B and 4C). This
finding confirms that the UAS-abdA-expressing clones
lacked a neuroblast, due to its previous elimination by
programmed cell death. More importantly, as loss of
proapoptotic gene function is epistatic to AbdA overex-
pression, we can formally rule out that abdA functions
downstream of H99 genes. Instead, it is likely that abdA
switches on the expression of one or more of the pro-
apoptotic genes contained within the H99 deficiency, in
turn leading to elimination of the pNB.
Thoracic Hox Proteins Can also Induce
Figure 5. Antp, Ubx, and AbdA Proteins Can Activate pNB-SpecificpNB Apoptosis
Apoptosis
We next sought to determine whether the ability to acti-
(A) Histogram showing distribution of clone sizes and presence ()
vate neuroblast apoptosis is unique to AbdA or whether or absence () of the pNB for thoracic MARCM clones expressing
it might be shared by other members of the Hox protein AbdA (UAS-abdA), Ubx (UAS-Ubx), or Antp (UAS-Antp). Ectopic
family. Therefore the functions of the closely related expression of any of the three Hox proteins resulted in pNB loss
(stippled) and an associated reduction in clone size. We note thatAntp and Ubx proteins were tested, again using the
a small number of thoracic clones retain their pNB and are wild-thoracic pNB misexpression assay. Clones expressing
type in size, possibly representing a minor population resistant toeither Antp or Ubx exhibit dramatically reduced pNB
Hox-dependent apoptosis. Data are combined from the AT and PT
proliferation within the anterior and posterior thorax and regions. Genotypes: w hsFLP tubP-GAL80 FRT19A/y w FRT19A;
have size distributions that are indistinguishable from UAS-nlacZ UAS-CD8::GFP/; tubP-GAL4/ (wild-type); w hsFLP
those obtained with AbdA (Figure 5A). Moreover, ex- tubP-GAL80 FRT19A/y w FRT19A; UAS-nlacZ UAS-CD8::GFP/;
tubP-GAL4/UAS-abdA (UAS-abdA); w hsFLP tubP-GAL80 FRT19A/pressing either one of these three Hox proteins results
y w FRT19A; UAS-nlacZ UAS-CD8:GFP/; tubP-GAL4/UAS-Ubxin the loss of the pNB in at least 82% of cases. Thus,
(UAS-Ubx); w hsFLP tubP-GAL80 FRT19A/y w FRT19A; UAS-nlacZAntp, Ubx, and abdA each encode a homeodomain pro-
UAS-CD8::GFP/; tubP-GAL4/UAS-Antp (UAS-Antp).
tein with the intrinsic ability to induce pNB apoptosis. (B and C) Ubx and Antp are expressed within thoracic lineages but
This is a surprising result, as Antp and Ubx are the not within the pNB itself. Superficial regions of wild-type MARCM
resident thoracic Hox genes expressed at high levels clones at 96–100 hr, double labeled for the indicated Hox protein
and nlacZ are shown, either within PT, expressing Ubx (B), or withinwithin the anterior or posterior thorax, respectively, re-
AT, expressing Antp (C). Hox expression is detected within postem-gions where pNBs do not normally die during larval
bryonic cells of the lineage but not in the pNB (dotted). See Figuredevelopment.
1 for genotype.
To find out why thoracic pNBs are able to survive
within domains expressing Antp and Ubx, the wild-type
distributions of both proteins within individual postem-
A Pulse of AbdA in the Dividing pNBbryonic lineages were examined. Analysis of wild-type
Triggers Its ApoptosisMARCM clones at 96 hr showed that a subset of cells
During normal development, cell death of all three ab-express Antp within the anterior thorax or Ubx within
dominal pNBs occurs at around 72 hr. Given that asym-the posterior thorax. Although many postmitotic cells
metric cell divisions continue unchecked in H99 clones,in each lineage are Hox positive, the pNB itself never
the timing of this apoptotic event must be a criticalexpresses detectable levels of Ubx and Antp (Figures
determinant of clone size. This raises the question of5B and 5C). Absence of precursor expression at earlier
what is the temporal cue triggering neuroblast deathlarval stages was also confirmed using Grh-lacZ and
in mid-L3? While we have shown that abdA is bothMARCM to label unequivocally the pNB. Thus, the rea-
necessary and sufficient for pNB apoptosis, our analysisson why thoracic pNBs avoid apoptosis during normal
thus far does not reveal whether it normally sets thelarval development is because they do not express Antp
time at which death occurs. To explore this importantor Ubx, despite being surrounded by many other cell
types that do. issue, we sought to identify the temporal profile of AbdA
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expression that would account for its larval requirement assigned to each specialized region of the CNS. The
in neuroblast apoptosis. time at which precursor cells stop dividing provides an
We first examined expression in quiescent neuro- important control point in this process. We have studied
blasts during L2. Despite the widespread presence of this aspect of neural precursor behavior in Drosophila,
AbdA-positive nuclei in the central abdomen, no expres- in the context of the three identified postembryonic neu-
sion is detectable in vm, vl, or dl at this stage (Figure roblasts in the larval abdomen. The final fate of these
6A). Next, we looked at two time windows during the neuroblasts, after they have generated their last GMC,
mitotically active period of the abdominal pNBs. Early is programmed cell death, triggered by abdA and the
in L3 (48–54 hr), soon after reentry into the cell cycle, H99 proapoptotic genes. We discuss these findings in
AbdA expression was still not detectable in any of the the context of (1) the role of apoptosis in sculpting the
three pNBs (Figures 6B and 6C). In contrast, at a later adult CNS from its larval predecessor and (2) the nature
time point during L3 (60–66 hr), AbdA was expressed in of the temporal signals that regulate this process.
vm, vl, and dl (Figures 6D–6H). There are two important
features to this burst of AbdA expression. First, expres- Cessation of Postembryonic Neuroblast Divisions
sion is seen in the pNB but not in its daughter, the GMC. by Apoptosis, Not Cell Cycle Exit
Second, expression is observed within the neuroblast In principle, neuroblast divisions could be terminated
during both M phase and interphase. by cell cycle exit or by cell death. For apoptosis to play
Examination of a large number of pNBs at 48–54 hr a direct and rate-limiting role in regulating neuroblast
failed to reveal any detectable AbdA in abdominal pNBs clone size, it must be triggered while the precursor is
(53/53 pNBs in 23/23 individuals), indicating that this still actively engaged in the cell cycle. In this study, we
negative result is highly consistent (Figure 6H). At 60–66 have presented two lines of evidence that, for apoptosis
hr, however, only about one third of the pNBs (15/44) in mid-L3, this is indeed the case. First, the develop-
expressed detectable levels of AbdA (Figure 6H). As this mental signal promoting apoptosis, AbdA, is transiently
variability holds true for each of the three abdominal expressed in asymmetrically dividing pNBs just prior to
lineages (see Figure 6H legend) and is found within a their death. Second, abdominal pNBs lacking H99 or
single individual, it probably reflects developmental abdA functions continue dividing throughout the re-
asynchrony between pNBs of the type that was pre- mainder of larval life, producing at least a 3-fold excess
viously observed with TUNEL labeling. Together, these of progeny.
results show that dividing pNBs express a transient It is not yet clear whether the earlier phase of death,
burst of AbdA close to mid-L3 that is not confined to a affecting most neuroblasts in the embryonic abdomen,
phase of the cell cycle but to a particular time point in occurs before or after they exit the cell cycle to begin
development. As TUNEL-positive abdominal pNBs are their quiescent period. Consistent with the possibility
observed shortly after the AbdA pulse, the timing of that death may occur after mitotic exit, the time window
expression of this Hox gene could be the critical parame- of neural proliferation in the abdomen is extended in
ter defining when neuroblast apoptosis occurs. embryos mutant for prospero, a gene that regulates
If a burst of abdA expression does provide the critical several cell cycle components, including the cyclin-
temporal cue for neuroblast apoptosis in the abdomen, dependent kinase inhibitor Dacapo (Li and Vaessin,
then introducing a premature pulse should reduce the 2000; Liu et al., 2002).
number of pNB progeny. To test this prediction, we used In addition to the two temporally separated phases
a heat shock inducible hs-abdA transgene to express
of neural precursor death in the embryo and larva, there
AbdA transiently in early L3. Counts of BrdU-positive
are also periods of apoptosis in the pupa and the early
cells at the 84 hr time point revealed that each of the
adult that eliminate differentiated abdominal neuronsthree abdominal lineages are considerably smaller than
that have already fulfilled larval-specific functions (Ki-the heat shocked wild-type controls. For the vm or vl
mura and Truman, 1990; Truman et al., 1993). Thus, thelineages, the average clone size is reduced from 4 to 2
cell death program is coopted at least four times duringcells, and for the dl lineages, from 11 to 5 cells, respec-
the remodelling of the adult CNS from its larval prede-tively (Figures 6I and 6J). Thus, a transient pulse of AbdA
cessor, in each case reducing the relative contributionprotein, synthesized soon after the heat shock at 48–52
of the abdomen toward final neuronal number. The pur-hr, is sufficient to produce a 50% size reduction in all
pose of such resculpting by multiple waves of apoptosisthree abdominal lineages. Together with the previous
is not fully understood, but it presumably reflects thefinding that vm, vl, and dl start and stop dividing at
low sensory and motor complexity of the adult abdomenapproximately the same developmental stage, these re-
relative to the thorax. It appears that this process issults indicate that the speed of the cell cycle is higher
functionally important, as male flies lacking the proapo-for dl than for vm and vl. It is likely that dorsoventral
ptotic reaper gene display enlarged abdominal neuro-patterning genes rather than Hox genes control this par-
meres and are unable to copulate (Peterson et al., 2002).ticular aspect of pNB behavior. More importantly, the
results from the AbdA induction experiments confirm
Neuroblast Apoptosis Links Hox Genesthe initial prediction that the time at which abdominal
to the Control of Neuronal NumberpNBs express a pulse of AbdA determines the number
It has long been proposed that regulation of cell prolifer-of times that they divide.
ation by Hox genes is an important factor in shaping
segment-specific morphology in insects and verte-Discussion
brates alike (Garcia-Bellido, 1975; Duboule, 1995). How-
ever, molecular mechanisms linking Hox genes to seg-Temporal regulation of neurogenesis plays a key role
in ensuring that appropriate numbers of neurons are mental differences in neural proliferation have not been
Neuron
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Figure 6. The Timing of the AbdA Pulse in the pNB Determines Clone Size
(A–H) Temporal profile of AbdA expression in pNBs (dotted) during L3. (A) After the L2/L3 molt (46–50 hr), Grh-lacZ-positive pNBs within the
CA do not express AbdA. (B and C) At 48–54 hr, triple labels indicate that large interphase (B) and mitotic (C) pNB nuclei do not express
AbdA. The same is true for the smaller mitotic GMC ([B], arrowhead). (D–G) Expression of AbdA at 60–66 hr. Double labels reveal that some
interphase pNBs (D and E) and some mitotic pNBs (F and G) do express AbdA, but this is not seen in the mitotic GMC ([D and E], arrowhead).
(H) Histogram showing number of pNBs and GMCs that are negative () or positive () for AbdA expression during the time windows indicated.
AbdA expression in pNBs was observed in 15/44 cases (5/8 vm; 5/15 vl; 5/21 dl) at 60–66 hr but never at 48–54 hr (53/53 cases). Panels all
show a dl neuroblast, except (A) (vm in three hemisegments) and (F) and (G) (vl). Similar expression data were obtained with all three abdominal
pNBs.
(I and J) Heat shock-induced expression of AbdA in early-L3 reduces final abdominal clone size. Histograms of clone distributions determined
by BrdU counts in heat shocked y w (control) or hs-abdA larvae are shown for vm (I) and dl (J) lineages. The graph shows that an early-L3
pulse of AbdA approximately halves the size of both the vm and dl lineages. The same is also seen with the vl lineage (not shown).
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forthcoming. In the context of the developing adult Dro- marily based on two findings, namely that abdA is only
expressed in neuroblasts of the early embryo and alsosophila CNS, we have identified a downstream mecha-
that segment-specific pNB behavior is determined priornism linking one Hox gene, abdA, to the size of the
to neuroblast delamination. Clearly, the first premiselineages generated by individual neural precursors. Our
does not apply, as we have shown that pNBs do expressclonal and expression analyses indicate that the neuro-
abdA during larval life. However, we point out that theblast is the site of action of this cell-autonomous abdA
second finding, derived from elegant heterotopic cellfunction. Two findings argue that the proapoptotic
transplantations, is not necessarily inconsistent with agenes contained within the H99 region (grim, hid, and
larval abdA requirement. For example, cells trans-reaper) lie downstream of abdA in this process. First,
planted from abdomen to thorax in the early embryoloss of either abdA or H99 activity prevents apoptosis
might already possess a cell-intrinsic competence toof abdominal pNBs, and second, ectopic AbdA is unable
express abdA later in larval life.to trigger apoptosis of pNBs in the thorax when H99
This study illustrates that abdA is expressed in a highlygene activity is removed. Our experiments do not distin-
dynamic manner during neurogenesis, a finding that hasguish which of the three H99 proapoptotic genes is regu-
important implications for understanding how this Hoxlated by abdA or whether this regulation is direct or
gene is regulated. At a specific stage of larval develop-indirect. Whichever is the case, the combined results
ment, abdominal pNBs transiently express abdA andfrom this study clearly demonstrate that abdA exerts
are subsequently eliminated by programmed cell death.an antiproliferative effect by shortening neuroblast
The experiments prematurely inducing AbdA by meanslifespan.
of a heat shock demonstrate that the time of the AbdAWe primarily focused on the role of one Hox gene,
pulse sets the time of pNB apoptosis, thereby dictatingabdA, but our misexpression data indicate that Antp
the final number of neurons produced. This raises theand Ubx also encode proteins with the capability of
issue of the nature of the developmental timer activatingactivating pNB cell death. As we did not detect the
the larval burst of abdA expression. In particular, it willexpression of either of these Hox genes in thoracic
be interesting to determine whether it corresponds to apNBs, it is unlikely that they regulate apoptosis in signifi-
transient extrinsic signal or whether it might be neuro-cant numbers of precursors during larval life. Neverthe-
blast intrinsic, counting cell divisions (Isshiki et al., 2001)less, it remains possible that they do activate neuroblast
or measuring elapsed time in some other way (Durandapoptosis during the embryonic or pupal phases of de-
and Raff, 2000).velopment.
Our results also provide some insight on another as-The target functions of Hox genes are highly depen-
pect of neural abdA regulation, the relationship betweendent on cellular context (Lohmann and McGinnis, 2002),
gene expression and cell lineage. AbdA is first ex-and apoptosis is no exception. We have shown that
pressed in the embryo in neuroblasts and their progeny;activation of the cell death program by Hox genes within
it is then excluded from postembryonic lineages untilthe CNS is selective for the neuroblast. It does not occur
the third instar larval stage when it is reactivated in awhen Antp, Ubx, or AbdA are present in neurons, either
neuroblast-specific manner. Ubx and Antp also displayduring normal embryonic development or as a result of
related dynamic patterns of expression within individualexperimentally induced misexpression. Even the neuro-
lineages, though in these cases larval upregulation isblast itself may only be sensitive to Hox-dependent apo-
found in postmitotic progeny and not the pNB. Together,ptosis at certain stages. For example, many embryonic
these findings lead to the conclusion that the on andneuroblasts express Antp, Ubx, and AbdA soon after
off states of neural Hox expression are not clonally trans-their delamination, but they still go on to complete a
mitted through neuroblast divisions. This contrasts withphase of neurogenesis before larval hatching. Thus, the
the embryonic and imaginal epidermis of Drosophila,activation of proapoptotic genes by Hox genes such as
where specific Hox regulatory regions maintaining ex-
abdA is dependent not only on cellular context but also
pression status through cell divisions have been identi-
on developmental timing. Interestingly, the regulatory
fied (reviewed in Ringrose and Paro, 2001). These have
linkage between Hox genes and the programmed cell been termed cellular memory modules and are known
death machinery, although context dependent, is not to recruit large multiprotein complexes, containing the
restricted to neuroblasts. During murine limb develop- products of the Polycomb and trithorax gene families
ment, Hoxa13 is required for normal interdigital cell (Simon, 1995; Gould, 1997; Pirrotta, 1998; Ringrose and
death, and recently it was shown that Deformed and Paro, 2001). At least one of these complexes marks the
Abdominal B regulate Drosophila segment boundaries transcriptionally repressed state of a gene in a heritable
through localized activation of apoptosis (Stadler et al., manner via the methylation of Histone H3 (Cao et al.,
2001; Lohmann et al., 2002). 2002; Czermin et al., 2002; Muller et al., 2002). Thus,
although Hox expression status can be stably propa-
An AbdA-Dependent Timer Schedules the End gated during the symmetric divisions of an epidermal
of Neuroblast Life cell, our results indicate that this is not the case during
Prokop et al. have proposed that transient abdA expres- the asymmetric divisions of the neuroblast. Clearly, a
sion in early embryonic neuroblasts confers a later pro- strict mitotic inheritance mechanism would be cata-
gram of proliferation control, no longer requiring the strophic for neuroblast lineages, as Hox expression
activity of Hox genes (Prokop et al., 1998). Our results do must be excluded from the pNB if it is to remain capable
not support this model, as we find an overproliferation of dividing.
phenotype when abdA mutant clones are induced after In conclusion, these studies illustrate the power of
in vivo clonal analysis for exploring the developmentallarval hatching. The argument of Prokop et al. was pri-
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rior thorax, or central abdomen. The confocal images shown arecontrol of neurogenesis and identify a molecular and
projections of stacks, recorded sequentially for each channel andcellular explanation for how the proliferative capacity of
assembled using NIH ImageJ and Adobe Photoshop.a neural stem cell is regulated along the major body
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